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Microstructure and magnetic properties for an as-quenched, single rod (3 mm diameter, 50 mm length)
of NdgoFe3pAlqo alloy obtained by copper mold casting technique, were characterized on three different
zones along the rod length selected at the bottom, middle and upper part. The bottom part was in direct
contact with an additional copper plate, while the upper part was located at the open side of the copper
mold. A predominant amorphous microstructure was found at the bottom part of the rod for which max-
imum intrinsic coercivity of 3519 Oe was observed, while a magnetically decoupled composite structure
was established at the opposite rod side, together with a noticeable reduction in coercivity (down to
3070 0e). Results are interpreted on the basis of increasing crystalline volume fraction from bottom to
the upper part of the alloy rod.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Amorphous alloys based on RE-TM-Al (RE=rare earth,
TM =transition metal) have been subject of research since 1988,
when they were reported for the first time [1,2]. The glass form-
ing ability (GFA) of these materials has the distinctiveness of being
present for regions within phase diagrams with no deep eutectics
points [3]. In particular, Nd-Al-TM (TM = Fe, Co, Ni, Cu) alloys with
60at% Nd, 10-15at% Al and 25-30 at% TM were described as sys-
tems able to be cast as bulk metallic glasses (BMG) in the form
of rods of up to 6 mm of diameter by simple copper mold casting
techniques [3]. Later on, the BMG Ndgg_yxFexAl;g and Prgg_xFexAl;g
(10<x<90) series (of up to 7mm diameter and 50 mm length)
reported by Inoue and co-workers [4,5], exhibited a wide com-
position glass formation range for 10-65 at% Nd/Pr; 10-90 at% Fe
and 20-50at% Al. Additionally, they reported a surprisingly high
intrinsic coercivity of 3462 Oe for the amorphous NdggFes3gAlig
sample and 3750 Oe for the glassy PrggFe3pAlyg alloy, together with
remanence magnetization values ~1 kG, maximum energy product
~3 MG Oe and Curie temperatures ~275 °C. Such unexpected high
coercivity was explained in terms of a homogenous dispersion of
exchange-coupled Nd-Fe and Nd-Fe-Al clusters with large random
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magnetic anisotropy, which presumably develop within the cast
bulk alloys as a consequence of a relaxed disordered atomic config-
uration, afforded by the slow cooling rate characteristic of the mold
cast process [4,5]. The exchange coupling interaction in amorphous
Nd-Fe-Al alloys has been confirmed through the observation of
magnetic domains of an average length of 360 nm by means of MFM
[6]. Further HRTEM and radial distribution studies have estimated
the cluster size as 2 nm on average [7-9].

In contrast, several authors [10-15] have described compos-
ite Nd-Fe-Al alloys rather than single-phase amorphous alloys. In
general, these RE-TM-Al-based composite structures have been
reported as comprising nanosized Nd-rich crystallites embed-
ded within an amorphous matrix. The crystalline phase forms
an extended network over the whole sample with a small
volume fraction, presumably lower than 5-6% and thus, just
below the X-ray diffraction limit detection. Therefore, the cor-
relation coercivity-amorphous/crystalline volume fraction can be
monitored by careful heat treatments. For example, diminish-
ing coercivity values were observed in Nd;gFe,pAl;g alloys for
increasing annealing temperatures (from 50 to 450 °C), which was
attributed to the increasing size of the Nd precipitates [14]. Alter-
native approaches consider a pinning model for domain walls
between magnetic domains [16,17], for which the nanosized Nd-
rich crystallites act as pining centers, thus hindering the domain
wall displacement and hence, giving rise to the high coercive field
characteristic of (Nd,Pr)-Fe-Al bulk alloys. In this work, we study
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Fig. 1. Experimental set-up for die-casting process of the NdgoFe3pAljo alloy. The
labels A, B and C indicate the samples selected from the rod.

the magnetic property dependence with the amorphous/crystalline
volume fraction within a single rod of bulk composite NdggFe3pAl1g
alloys.

2. Experimental techniques

A master alloy ingot with composition NdgoFe3pAlip was prepared by arc-
melting the pure component elements within inert Ar atmosphere. An individual
cylindrical rod (3 mm diameter and 50 mm length) was obtained from the master
alloy by means of die-casting process into a copper mold under inert atmosphere.
For the casting procedure, the metallic mold was located on an extra copper block,
as indicated in Fig. 1. From the obtained metallic cylinder, three different cutting
zones were selected for sampling: zone A for the bottom part (in direct contact with
the additional Cu plate), zone B at the middle and zone C for the upper portion of
the alloy rod (i.e. at the open side of the copper mold), Fig. 1. The microstructure
of the as-cast alloy sample was characterized by X-ray diffraction analysis, XRD
(Bruker-AXS D8, with Cu-Ka radiation) and by Transmission Electron Microscopy,
TEM (Jeol 1200EX operating at 120 kV). On the other hand, room temperature mag-
netic measurements (maximum magnetization Mpax, remanence magnetization M;
and intrinsic coercivity H.) were carried out by means of a Vibrating Sample Mag-
netometer VSM (LDJ 9600) with a maximum applied field of 1360 kA/m, while the
Curie temperature T, was determined using Magnetic Thermogravimetric Analysis
(MTGA) on a TA instruments 2950 thermobalance with a heating rate of 10 K/min
and coupled with a permanent magnet.

3. Results

X-ray diffractograms for samples A, B and C are shown in
Fig. 2. The single broad maximum manifested for sample A at low
260 angles is consistent with a majority amorphous phase (rela-
tive to the XRD detection limit). In contrast, for sample B, some
broad peaks at 26=28.4° corresponding to (100) planes of hcp-
Nd, and 260=47.7°, 55.9°, associated to (226) and (904) planes,
respectively, of the hexagonal NdsFe;; phase are indicative of a
progressive crystallization process. For sample C, all of these peaks
display enhanced intensities, together with additional maxima at
260=32.3° and 42.2° of the same phases. This phase distribution is
in agreement with previous reports on equivalent Nd-Fe-Al bulk
alloys [18]. The increasing crystallized state along the rod length is
supported by the TEM micrographs displayed in Fig. 3, for which an
initial composite structure comprising a predominant amorphous
phase with some precipitates smaller than 50 nm are observed for
zone A in Fig. 3a, with the corresponding diffraction pattern DP
exhibiting some few spots immersed in diffuse haloes. For sample
B (Fig. 3b), larger crystals are evident alongside a DP including more
defined ring-like shape overlapped with diffuse haloes. Finally, for
sample C, it was possible to find mostly crystallized zones with
minor amorphous areas, as it is illustrated in Fig. 3¢ and the asso-
ciated DP. Additionally, DSC scans for cutting zones A, B and C

are displayed in Fig. 4, for which the crystallization temperature
Tx is located at 500°C for all the samples, while their melting
onset Ty can be established at 645°C. In addition, a decreasing
heat of crystallization AHcys is also noticeable for the sequence
AHfys > AHB.s > AHGys (15.9,13.6 and 5.4]/g, respectively).
On the other hand, the M-H curves corresponding to A, B and
C cuts are shown in Fig. 5. For zone A, a wide hysteresis loop
with a demagnetizing quadrant with good squareness is observed,
with the following associated magnetic properties: intrinsic coer-
civity, He, of 3519 Oe, remanence magnetization, My, of 14.5emu/g
and maximum magnetization, Mmayx, of 20.8 emu/g. Same coerciv-
ity and remanence are visible for sample B, but with a noticeable
step on the second quadrant and a slightly enhanced Mpax of
22.1 emu/g. In contrast, for sample C, a clear different magnetiza-
tion curve was recorded, characterized by a poor squareness on its
second quadrant, together with diminished H. and M; of 3070 Oe
and 12.1 emu/g, respectively, but a constant M3« value (relative
to zone B). Additionally, the Curie temperature of the amorphous
phase for all alloy samples resulted of 189°C according to MTGA
experiments, as it is illustrated in Fig. 6 for cut A sample, which
displays the expected “weight loss” as a consequence of the nil
attraction between the permanent magnet and the sample at the
ferromagnetic—paramagnetic T. point.

4. Discussion

The microstructure of the sample A can be described as having
a predominant amorphous phase with a minor distribution of fine
paramagnetic Nd nanoparticles, as it is suggested by Figs. 2 and 3.
Equivalent microstructure features for Nd-Fe-Al bulk alloys have
been reported in Refs. [16,17,12]. A progressive diminishing amor-
phous fraction was observed for the cutting zones B and C, as
suggested by their corresponding DSC scans (Fig. 4), which reflect
anincreasing crystalline volume fraction from A to C as indicated by
the decreasing heats of crystallization, which are consistent with a
reduced amorphous volume fraction being transformed upon heat-
ing. The composition of the ferromagnetic glassy phase should be
the same for all the samples, since their Curie temperatures as well
as their crystallization temperatures remain constant for all the
alloy samples. The increasing crystalline volume fraction within
the same alloy rod can be explained in terms of a more efficient
heat transfer at the bottom of the copper mold (zone A), afforded

Fig. 2. X-ray diffractograms for samples A, B and C of the NdgoFe3pAl alloy rod.
The reflections of crystalline hcp-Nd and NdsFe;7 phases are indicated.
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Fig. 4. DSC scans for the A, B and C zones of the NdggFe3pAl;o alloy rod. The cor-
responding crystallization temperature Ty at 500 °C and melting temperature T, at
645 °C are indicated.

Fig. 5. M-H curves of samples A, B and C of the NdggFe3pAl;o alloy rod.

by the additional metallic plate used to place the die, which in turn
allows a higher cooling rate compared with samples B and C, for
which a less efficient heat dissipation facilitates the nucleation and
further crystallization of significant portions of these alloy zone.
Concerning the magnetic properties, they are also con-
gruent with a composite microstructure with variable crys-

Fig. 3. TEM micrographs showing microstructure variations for the cutting zones A,
B and Cofthe NdgoFe3pAl;¢ alloy rod. The corresponding electron diffraction patterns Fig. 6. MTGA curve corresponding to cutting zone A of the NdgoFe3pAl;o alloy rod
are shown in the insets. showing the ferromagnetic-paramagnetic transition temperature Te.
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Fig. 7. Henkel plots SM(H) for samples A, B and C of the NdgoFe3oAl;o alloy rod. Solid
lines are only a guide for the eye.

talline/amorphous volume fractions. For instance, the M-H loop
of sample A shown in Fig. 5 with a smooth demagnetizing sec-
ond quadrant is indicative of a magnetically coupled composite
microstructure, for which the minority crystalline secondary pre-
cipitates contribute to the alloy coercivity through the pinning
mechanism described in detail in [16,17].

In contrast, the shallow step observed for sample B would be
a consequence of the increasing precipitation of the secondary
crystalline phases which lead to a magnetic decoupling effect
among ferromagnetic amorphous areas and crystalline phases. This
decoupling effect resulting from increasingly isolated ferromag-
netic zones becomes more noticeable for sample C, as evidenced
by the shoulder on the second quadrant of its M-H plot, besides
the discernible reduction in Hc. This picture of decreasing mag-
netic coupling for the sample sequence A >B > Cis supported by the
Henkel plots M(H) shown in Fig. 7, for which the positive portion
of 6M is usually associated with a predominant magnetic inter-
action of exchange coupling character between magnetic phases,
whereas the negative section of SM(H) is indicative of the preva-
lence of the dipolar interaction [19-21]. For sample A, the prevalent
positive portion of its M curve reflects a prime exchange cou-
pling interaction between ferromagnetic areas which are in close
proximity, whereas for samples B and C, the progressive isolation
between such ferromagnetic zones (due to the increasing presence
of secondary crystalline phases) provokes the preponderance of the
negative portion of the M curves.

5. Conclusions

The microstructure for an individual die-cast NdggFe3pAljg
cylindrical alloy shows significant variations along its longitudi-
nal axis, which largely influence its magnetic properties. Optimal
microstructure for maximum coercivity (3519 Oe) was observed
for the bottom section of the alloy rod, for which an efficient heat
transfer during the die-cast process can be expected.
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